The sequence of a 2,437-bp DNA segment from the naphthalene upper catabolic pathway operon of plasmid NAH7 was determined. This segment contains three large open reading frames designated nahQ', nahE, and nahD. The first of these is the 3' end of an open reading frame that has no known function, the second (993 bp) encodes trans-o-hydroxybenzylidenepyruvate hydratase-aldolase (deduced molecular weight, 36,640), and the third (609 bp) encodes 2-hydroxychromene-2-carboxylate isomerase (deduced molecular weight, 23,031). This DNA has a high degree of sequence homology (greater than 91% for the first 2161 bp) with a DNA segment from the dox (dibenzothiophene oxidation) operon of Pseudomonas sp. strain C18, which encodes a pathway analogous to that encoded by NAH7. However, 84 bp downstream from nahD, the last gene in the nah operon, this homology ends. This 84-bp sequence at the downstream end of nah and dox homology has 76% homology to a sequence that occurs just upstream of the nah promoter in NAH7. These directly repeated 84-bp sequences thus encompass the upper-pathway nah operon and constitute the ends of a highly conserved region.
The naphthalene catabolic pathway in Pseudomonas putida G7 can be divided into two parts, an upper pathway and a lower pathway. Enzymes of the upper pathway convert naphthalene to salicylate, which is subsequently transformed by lower-pathway enzymes to amphibolic intermediates. The upper and lower pathways are encoded by separate operons under the control of a common regulatory protein encoded by nahR (32) . The two nah operons and nahR are located on a DNA segment of about 25 kb within a 37.5-kb defective transposon, Tn4655 (29) , on the 83-kb plasmid NAH7 (6, 32) .
Naphthalene is metabolized to salicylate by a six-step pathway ( Fig. 1) (7) . The enzyme-catalyzed reactions of the first three steps in this pathway (Fig. 1, enzymes A , B, and C) are similar to those involved in the metabolism of single-ring aromatic hydrocarbons such as toluene (13, 23) . Subsequent reactions differ because the instability of the 1,2-dihydroxynaphthalene ring cleavage product (Fig. 1 , chemical IV) leads to a rearrangement followed by the formation of a hemiketal product, 2-hydroxychromene-2-carboxylate ( Fig. 1 , chemical VI), having no analogs among intermediates in the degradation of simple aromatic hydrocarbons. Isomerase (Fig.  1 , enzyme D) and hydratase-aldolase (Fig. 1 , enzyme E) enzymes such as those of the naphthalene catabolic pathway thus represent classes of enzymes that are unique to the biodegradation of aromatic compounds having two or more rings. As a result, the genes that encode these enzymes should be valuable as relatively specific probes for the identification or enumeration of bacteria that degrade polycyclic aromatic compounds. In addition, the isomerase and hydratase-aldolase enzymes may have interesting, novel reaction mechanisms which merit further study (7) ; the amino acid sequences of these enzymes would be useful to studies. For these reasons, the nucleotide sequence of a DNA segment from the NAH7 plasmid that carries nahD and nahE, the genes that encode 2-hydroxychromene-2-carboxylate isomerase and trans-o-hydroxybenzylidenepyruvate hydratase-aldolase, respectively, was determined. The sources of DNA for sequencing were pRE714 and pRE701 (7), which carry DNA fragments on which nahD and nahE are located and which were cloned from the naphthalene catabolic plasmid NAH7, originally from P. putida G7 (ATCC 17485) (6, 32) (2) .
A restriction map of the sequenced DNA segment is shown in Fig. 2 of dibenzothiophene to 3-hydroxybenzothiophene-2-carboxylate as well as the conversion of naphthalene to salicylate. The dox sequence that was compared with the nah sequence ( Fig.  4) is that extending from dox bp 6459 to 8736 and contains three ORFs. It begins with the last 157 bp of a 636-bp ORF having no known function and called doxH and includes the genes doxI and dox, putatively encoding a hydratase-aldolase and an isomerase, respectively. Homologies are as follows (numbering is that for the nah sequence): (i) the ORF extending from bp 1 to 157, nahQ', had 90% homology to doxH; (ii) the 50 bp between nahQ/doxH and nahE/doxI had 78% homology; (iii) nahE, extending from bp 209 to 1201, had 94% homology with doxl; (iv) the 267 bp between the hydratase-aldolase and isomerase genes had 85% homology; (v) nahD, extending from bp 1469 to 2077, had 92% homology with doxJ (a 35-bp gap in the nah isomerase gene after bp 2043 was counted as one difference); and (vi) the first 84 bp downstream from nahD had 92% homology with the corresponding DNA downstream from dox!, after which there was no apparent homology. The deduced amino acid sequences of the hydratase-aldolases are 96% identical, while the deduced amino acid sequences of isomerases are 91% identical up to the deletion. That the deletion from nahD occurred in NAH7 and was not generated during cloning was confirmed by sequencing the same region of DNA derived from two additional independently isolated clones. The 35-bp nahD deletion eliminated a stop codon present in doxJ, resulting in the production of an active enzyme that is 4 amino acid residues longer than that encoded by dox.
The high degree of sequence conservation between the ORFs doxH and nahQ suggests that they may be genes encoding active and useful proteins which provide a selective advantage to naphthalene-degrading bacteria that produce them. However, the function of these proteins remains unknown.
Kuhm et al. (19) recently purified a trans-o-hydroxybenzylidenepyruvate hydratase-aldolase from the naphthalenesulfonate-degrading strain BN6 (Pseudomonas vesicularis DSM 6383). This enzyme appears to be a trimer with a molecular weight of about 120,000 containing identical 38,000-molecularweight subunits. The NH2-terminal amino acid sequence was determined (19) and is compared here with the deduced NH2-terminal amino acid sequences for the hydratase-aldolases from nah and dox (Fig. 5) from strain BN6 is identical to the other two enzymes at only isopropyl-3-D-thiogalactopyranoside. From the sequence dem-11 of 26 residues (42%). The BN6 enzyme also appears to have onstrated here (Fig. 3) , it can be seen that the nahE ORF undergone the removal of six amino acids from the NH2 end. begins 24 bp upstream of the MluI cleavage site. In pRE701 Determination of whether the nah-and dox-encoded enzymes these 24 bp have been removed and replaced by 24 bp of the are similarly processed will await their purification and NH2-P-galactosidase gene and polylinker (ATG ATT ACG AAT terminal sequencing. In a previous study (7) , the MluI-StuI TCC CGG GGA TCC), which encode the eight amino acids fragment (bp 233 to 1225; Fig. 3 T  TT TG  A T  T  C  G  CC  C  A  G  GT ACCGCTGAGTTCAGGTG CCTGGACTATAATG CCCACACCGTCGACGCCTGATG CTTCTGATTGGCGCAaG ACTAA CACTGTGGACTTAGACGGA"TCTcGCCGATAGTTGAAGAG
End nahD .
. followed by a complete lack of homology downstream from the isomerase genes suggests that the genes that encode the naphthalene upper pathway may have moved as a unit from one replicon to another. Such movable genetic elements often have features such as repeated DNA sequences that occur at their ends and that are involved in their mobilization. To look for such repeated DNA sequences, a search for homologies between the nah sequence obtained here, the dox sequence (5), and the recently published sequences of DNAs encoding naphthalene dioxygenase (26) from the NAH7 plasmid (GenBank accession number M83949) and from pDTG1 (27) of P. putida 9816-4 (4) (GenBank accession number M83950) and encoding polycyclic aromatic hydrocarbon dioxygenase from the chromosome of P. putida OUS82 (18, 28) (GenBank accession number D16629) was carried out (Fig. 6 ). These comparisons (Fig. 7) demonstrated that there is a segment of 84 bp located just upstream of the nah promoter (25) and upstream of nahAa in NAH7 that has 76% homology with DNA downstream from nahD and dox. This segment, having suffered a 9-bp deletion, is also present in DNA upstream of the pah operon, but it is not present in DNA from pDTG1. As Simon et al. (27) 6 . Alignment of genes of naphthalene upper-pathway operons from NAH7 (nah), pDTG1 (nah), P. putida OUS82 (pah), and Pseudomonas strain C18 (dox). The restriction map and relative locations of genes from NAH7 are from reference 7. The genes nahA to nahF encode the enzymes that catalyze the corresponding reactions A to F shown in Fig. 1 . Genes indicated by boxes have been sequenced (5, 16, 27, 28) . The solid boxes indicate the locations of the short homologous sequences compared in Fig. 7. repeated element in the NAH7 DNA. Thepah DNA has a high degree of homology with nah DNA from NAH7 (93%), and this extends upstream of the sequence shown in Fig. 7 for over 300 bp. At the other end of the operon, the repeated sequence extends downstream from the termination codon, TGA, of nahD, to the border of nah and dox homology. These data suggest that genes encoding the naphthalene upper pathway may have moved as a unit between different replicons by a mechanism involving these 84-bp sequences. This mobilization mechanism would have differed from the mobilization of these genes by transposition of Tn4655, the 37.5-kb (now defective) transposon of NAH7 that extends from about 2 kb to the left of nahAa and encompasses the upper-pathway genes and the genes that encode the enzymes of the lower pathway (29) .
GG-----------------------------------
Naphthalene dioxygenase (Fig. 1, enzyme A) is a fourcomponent enzyme consisting of a two-subunit terminal oxygenase, a ferredoxin, and a ferredoxin reductase (9, 10, 14, 15) ; these components are encoded by nahAc, nahAd, nahAb, and nahAa, respectively (Fig. 6) . It is likely that the naphthalene/ dibenzothiophene dioxygenase encoded by the dox operon has a similar composition, yet from the sequences, it can be seen that a dox gene corresponding to nahAa is missing (Fig. 7) .
Despite the fact that it lacks the dox ferredoxin reductase gene, the cloned dox operon still specifies activity toward dibenzothiophene and naphthalene (5) . This is in agreement with previous studies showing that the cloned naphthalene dioxygenase (11, 20, 27) and isopropylbenzene dioxygenase (8) have activities in the absence of a cloned ferredoxin reductase; it has been suggested that ferredoxin reductase activities may be provided by host cells (8, 11) . This means, however, that the complete dox operon was not cloned and sequenced and that it is not yet possible to search for upstream homologous regions in the dox operon.
The two 84-bp directly repeated sequences are located about 10 kb apart in NAH7 and encompass the entire upper-pathway operon; homologous recombination between the two sequences may be responsible for some of the differences (deletions and rearrangements) observed between SAL (salicylate catabolism) plasmids that lack the upper-pathway genes that encode the metabolism of naphthalene to salicylate and NAH7 (17, 21, 32) .
Several papers (5, 12, 22) have implicated plasmids in the Comparison of naphthalene upper-pathway operon DNA sequences from the beginning of the nah operons from pDTG1 and NAH7, the beginning of the pah operon of P. putida OUS82, the end of the nah operon from NAH7, and the end of the dox operon from Pseudomonas strain C18. The box indicates the approximately 84-bp homologous sequences present in all DNAs except that from pDTG1. The solid arrows indicate 5-bp inverted repeats in dox. Partial boxes indicate the beginnings of promoter sequences and ferredoxin reductase genes. NAH7 promoter sequences were identified by Schell (25) . NOTES transformation of dibenzothiophene by a pathway analogous to the naphthalene catabolic pathway. The plasmids also encode the degradation of naphthalene, and it is likely, on the basis of sequence data presented here and elsewhere (5, 27, 28) , that many if not all of these dibenzothiophene catabolic plasmids are actually naphthalene catabolic plasmids, in many cases closely related to NAH7.
Nucleotide sequence accession number. The DNA sequences obtained in this study are available from GenBank (accession number U09057).
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